Summary Changes and gender differences in the muscle bone unit at different skeletal sites were investigated during pubertal development. Females accrued greater BMC in relation to muscle compared to males; these gender differences were greater after adjustment for height and regional fat mass. Purpose To describe changes and gender differences in the muscle-bone unit at different skeletal sites during pubertal development. Methods Four hundred forty-two children aged 5-18 years were studied. Measurements of bone mineral content (BMC), lean mass (LM) and fat mass of the whole body (WB), legs, arms and lumbar spine were obtained from dual-energy X-ray absorptiometry. Peripheral quantitative computed tomography was used to measure BMC of the radius diaphysis and cross-sectional muscle area (CSMA) of the mid-forearm. These measurements were used to describe differences between, and within, genders at each pubertal stage in BMC accrual relative to muscle, both before and after adjustment for height, regional fat and muscle at central and peripheral skeletal sites. Results In males, there were significant increases in adjusted WB and leg BMC at the end of pubertal development. Unadjusted and adjusted lumbar spine BMC increased at the onset of, and at the end, of puberty. Radius BMC increased at most pubertal stages. In females, there were increases in unadjusted and adjusted whole body BMC at late puberty, in leg BMC at the onset of puberty and at pubertal stage four. Unadjusted arm BMC increased at most pubertal stages; however, after adjustment, an increase occurred at pubertal stage four. Both adjusted and unadjusted lumbar spine BMC increased at pubertal stage four. Unadjusted radius BMC increased at most pubertal stages. Females had greater BMC at all skeletal sites, compared to males, except at the radius, where adjusted BMC was greater in males at pubertal stage four. Conclusions Males and females accrue more BMC in relation to lean mass at multiple skeletal sites as puberty proceeds. Females accrue more BMC in relation to lean mass, in comparison to males, at most skeletal sites.
Introduction
During growth, bones increase in size and the amount of mineral they contain, in addition to continually undergoing changes in internal and external geometry [1, 2] . These processes occur at different rates throughout the skeleton and take on a gender-specific course of development [3, 4] . Puberty is a time of rapid skeletal development and is crucial in determining lifelong bone health. Local and systemic factors which affect bone growth and development include growth factors, hormones and sex steroids [5, 6] . In recent years, the effect of muscle upon bone development has received considerable attention [7] [8] [9] [10] [11] [12] . The greatest physiological loads placed upon the skeleton originate from muscle forces, which are generated by muscular contractions [13, 14] . According to the mechanostat theory, the loading imposed by muscles is thought to stimulate growing bones to adapt their geometry and mineral content to preserve, or increase, bone strength [13] . The mechanostat therefore provides a homeostasis in which muscle growth and increased forces do not cause mechanical failure of bones [13, 15] . In this way, muscle is considered to be a major determinant of the strength of growing bones [15] , and muscle and bone work together as a conceptual operational unit which is known as the "muscle-bone unit" [10] . In children, the muscle-bone unit may be assessed non-invasively using bone densitometry techniques, such as dual-energy X-ray absorptiometry (DXA) or peripheral quantitative computed tomography (pQCT) [10, 16] . Outcome measures of bone mineral content (BMC), lean (muscle) mass and cross-sectional muscle area (CSMA) can be used as surrogates of bone and muscle strength, respectively [8, [10] [11] [12] 17] .
Studies in growing children using DXA or pQCT have shown the relationship between muscle mass and bone mass accumulation and have also indicated a genderspecific pattern of development, as females accumulate more bone in relation to muscle in comparison to males [7, 8, 10, 12, 16, 18] . Whilst such gender differences in the muscle-bone unit are well described, there have been no studies which have described both the gender-specific development of, and gender differences in, the musclebone unit at each stage of pubertal development at a number of skeletal sites. In addition, there have been no investigations of the muscle-bone unit using both DXA and pQCT. The benefit of using the two techniques is that the central and whole skeleton can be assessed with DXA, and pQCT gives a volumetric representation of a cross-section though the bone which may provide greater insight into the evolution of the muscle bone unit during development without as much influence from linear growth.
It may be argued that gender differences in the muscle-bone unit are not because females accrue more bone in relation to muscle, but are due to gender differences in body composition. Females accrue more fat than lean mass in comparison to males; this may make females appear to accumulate more bone in relation to lean mass [19] . Additionally, the role of fat mass in skeletal growth has not been well defined, with a positive and a negative role in bone development being reported [20] [21] [22] ; the relationship may be dependent upon gender and developmental stage [23] . To date, there are no studies which have assessed gender differences in the muscle-bone unit at each stage of pubertal development, after taking into account the differential accumulation of fat mass in males and females.
Therefore, the primary objective of this study was to confirm and extend previous investigations of the musclebone unit during growth by combining technologies and investigating the contribution of body size and fat mass to the relationship [7, 8, 10, 11, 17] . This study aimed to: (1) describe the cross-sectional development of the musclebone unit at both central and peripheral skeletal sites, in males and females with advancing puberty; (2) assess whether there were gender differences in the muscle-bone unit at a number of skeletal sites at each pubertal stage, and (3) assess whether there were gender differences in the muscle-bone unit at a number of skeletal sites after adjusting for body size and fat mass.
Subjects and methods

Subjects
Four hundred forty-two (239 male) white Caucasian children aged between 5-18 years were studied. Subjects participated in the Manchester 'Bone Density in Healthy Children' study. The primary aim of this cross-sectional study was to produce reference data for the clinical interpretation of bone densitometry results in children [24, 25] . Recruitment for the study was through advertisement in educational institutions and general practitioner surgeries within the Greater Manchester region, United Kingdom. Detailed recruitment and relevant inclusion and exclusion criteria for the population have been described [24, 25] . Briefly, children of white Caucasian ethnic origin aged between 5 and 18 years were eligible for inclusion within the study. Subjects were excluded if they had (1) conditions, or were taking medication, known to affect bone health, (2) systemic disease, (3) recurrent low trauma fractures, or (4) had sustained a fracture within the past 12 months. The study protocol was approved by the North West Multicentre Research Ethics Committee (MREC 04/8/006) and was conducted in accordance with the Declaration of Helsinki. Informed verbal consent to participate in the study was obtained from all subjects in addition to written consent being obtained from subjects aged 16 years and older, or from parents or guardians of subjects who were younger than 16 years.
Anthropometric measurements
Pubertal stage was self-assessed in female subjects aged 8 years and older and male subjects aged 9 years and older, using a previously described method [26] . Females rated breast development as one of five pubertal stages (ranging from pre-pubertal [pubertal stage 1] to pubertal maturity [pubertal stage 5]), according to diagrams and descriptions based upon the Tanner criteria [27] . Males self-assessed left and right testicular volume (in millilitres) by comparing the size of each testicle to a series of beads on a Prader orchidometer (Pharmacia and Upjohn, Uppsala, Sweden). Average left and right testicular volume was used to determine pubertal stage in males, whereby pubertal stage 1=≤3 mL, pubertal stage 2=4-8 mL, pubertal stage 3=10-15 mL, pubertal stage 4=20 mL and pubertal stage 5= 25 mL [28] . Weight (in kilograms) was measured using Seca digital scales (Autoweigh Scales, United Kingdom) and standing height (in centimetres) was measured using a wall-mounted stadiometer (Leicester Height Measure, Child Growth Foundation, UK). For pQCT measurements, the length of the non-dominant forearm (forearm length; in millimetres) was measured using a flexible tape measure (Sunlight Medical, Tel Aviv, Israel), and was defined as the distance from the ulna styloid process to the olecranon process.
Bone densitometry and body composition measurements Bone densitometry assessments have been described in detail for the study population [24, 25] . In brief, the Hologic QDR 4500 Discovery DXA fan beam scanner (Bedford, MA, U.S.A.) was used to perform scans (fast array mode) of the whole body, from which were extracted parameters of whole and regional body composition, in accordance with manufacturer's recommendations. BMC for lumbar spines (L1-4) were obtained from site-specific scans. Whole body scans were analysed using the adult analysis algorithm, (software version 12.1) and lumbar spine scans using auto low density. Outcome measures used in the study were BMC (in grams) of the whole body and lumbar spine (L1-4). Additionally, BMC, lean (muscle) mass (LM; in grams) and fat mass (in grams) of regional body segments (arms and legs) were derived from whole body scans (Fig. 1) . Two Stratec XCT-2000 pQCT scanners (Pforzheim, Germany) [24] were used to scan the nondominant radius diaphysis, at the site which corresponded to 50% of forearm length. One scanner, which was purchased in the early days of pQCT, has a narrower slice width (1.2 mm) than the more modern scanner with a slice width of 2.0 mm, which is now the routine slice width of such pQCT scanners. Consequently, each section was taken at a voxel size of either 0.4×0.4×1.2 mm or 0.4 mm× 0.4 mm×2 mm. Scan speed was 25 mm/s −1 . The resulting cross-sectional images were analysed using manufacturer's software (version 5.5d). We tested differences between the two scanners by taking measurements of the European Forearm Phantom and healthy volunteers (n=29), and the root mean square error between the scanners was compared to the precision error of the scanners. The differences between the scanners were less than the precision error for all the variables presented in this manuscript so no adjustments were judged necessary between scanners to pool the results. We verified this decision with the scanner manufacturer Stratec Medizintechnik GmbH, Pforzheim, Germany (Dr Johannes Willnecker, personal communication) and also independently with Dr Klaus Engelke, a CT expert from University of Erlangen (Germany). Outcome measures used in this study were cortical BMC (milligrams per millimetre) and CSMA (mm 2 ). Measurements of BMC were obtained using the CORTBD algorithm, separation mode 1, threshold 710 mg/cm 3 . CSMA measurements were obtained using the CALCBD algorithm, contour mode 3; peel mode 1, filter F03F05, threshold 40 mg/cm 3 . The muscle plus bone area was detected using the threshold of 40 mg/cm 3 , to separate from the subcutaneous fat. Bone area (radius plus ulna) was then detected using a threshold of 280 mg/cm 3 . By subtracting this from muscle plus bone area, cross-sectional muscle area is then calculated.
Quality assurance on both scanners was performed on a daily basis, using standard manufacturers' phantoms. The precision (coefficient of variation (%)) in adults in our Unit for bone and body composition outcome measures used in the study were 0.92% for whole body BMC, 0.56% for whole body LM, 1.75% for whole body fat mass and 3.72% for CSMA. The total estimated effective dose equivalent for all bone densitometry scans was 6.73 µSv [29, 30] , which is less than 1.1 days of natural background radiation for the United Kingdom [31] .
Statistical analyses
All data analysed were cross-sectional.
Statistical analyses were performed using SPSS (Chicago, IL, U.S.A), software version 15.0 and R version 2.8. Bone outcomes (whole body, leg, lumbar spine, arm and cortical BMC) were fitted to a linear (analysis of covariance) model, with the corresponding muscle measurement (whole body, arm, leg lean mass and cross-sectional muscle area) as a linear covariate, so estimating BMC relative to muscle mass for the whole body, legs, arms, lumbar spine and radius. The effects of pubertal stage and gender were determined by adding appropriate covariates to this model, along with an interaction term between the two. A second model additionally adjusted for height and regional fat mass 1 . The significance of terms was determined by standard F tests of the appropriate contrasts, including a test for differences from one pubertal stage to the next. The residuals from the fitted models were inspected visually to confirm the assumptions of the parametric model were reasonable.
The data were visualised as box and whisker plots for both the unadjusted muscle-bone unit (adjusted to the mean muscle content using the model including only muscle) and adjusted muscle-bone unit (adjusted to mean muscle content, height and fat content) measures, based on the two models described above. Within these plots, the box area contains the median (50th percentile) and interquartile range (25th-75th percentile). The lower and upper whiskers correspond to the minimum and maximum data points. Data points which are greater than one and a half or three times the interquartile range from the upper or lower ends of the box are classified as outlying and extreme values, respectively [32] . Statistical significance was set at the 0.05 level, with no formal adjustment for multiple testing.
Results
The original study cohort consisted of 442 subjects; 442 had DXA whole body and lumbar spine scans and 392 had pQCT scans. From these, all DXA and pQCT data were excluded from 18 subjects, as they had either refused pubertal stage assessment or had abnormal bone densitometry results. The subjects with abnormal bone densitometry results underwent a thorough clinical assessment for underlying medical conditions by a metabolic bone disease paediatrician. There were further exclusions from the remaining study cohort (424 DXA, 374 pQCT) due to the presence of movement or metal artefacts, including navel piercings. The final total study population consisted of 422 subjects (226 males and 196 females). The total number of scans available from these subjects for determining musclebone unit measures were 415 (224 male) for whole body, 422 (226 male) for leg, 422 (228 male) for arm, 413 (222 male) for lumbar spine and 368 (198 male) for radius/ mid-forearm (referred to as the radius). Table 1 shows the number of males and females at each pubertal stage, with corresponding ages.
Figures 2, 3, 4, 5 and 6 show the changes in unadjusted and adjusted muscle-bone unit measurements for the whole body (Fig. 2) , legs (Fig. 3) , arms (Fig. 4) , lumbar spine ( Fig. 5) and radius (Fig. 6 ), in males and females, with advancing pubertal stage. Tables 2, 3 , 4, 5 and 6 show mean unadjusted and adjusted muscle-bone unit measurements for the whole body (Table 2) , legs (Table 3) , arms (Table 4) , lumbar spine (Table 5) and radius (Table 6 ), in males and females, at each pubertal stage. Significant differences between successive pubertal stages for each gender, and gender differences at each pubertal stage are indicated. Gender× pubertal stage interactions for the muscle-bone unit at each site are also shown.
Males
Unadjusted whole body ( Fig. 2i and Table 2 ) and leg BMC ( Fig. 3i and Table 3 ) values were similar when successive pubertal stage groups were compared. However, both adjusted whole body and leg BMC increased at pubertal stage 5 (Figs. 2ii and 3ii and Tables 2 and 3, respectively) . Unadjusted arm BMC increased at pubertal stage 5 and adjusted arm BMC increased at pubertal stages 2 and 5 ( Fig. 4 and Table 4 ). There were significant increases in adjusted and unadjusted lumbar spine BMC at pubertal stages 2 and 5 ( Fig. 5 and Table 5 ). As shown in Fig. 6 and Table 6 , unadjusted radius BMC increased at pubertal stages 2, 3 and 4, and adjusted radius BMC increased at pubertal stages 2 and 3.
Females
When consecutive pubertal stages were compared, unadjusted whole body BMC increased at pubertal stage 4 ( Fig. 2i and Table 2 ). However, after adjustment, there was an increase in whole body BMC at pubertal stages 4 and 5 ( Fig. 2ii and Table 2 ). Unadjusted leg BMC increased at pubertal stages 2 and 4 ( Fig. 3i and Table 3 ) and there was an increase in adjusted leg BMC at pubertal stage 4 ( Fig. 3ii and Table 3 ). As shown in Fig. 4 and Table 4 , unadjusted arm BMC increased at pubertal stages 2-4, whilst adjusted arm BMC increased at pubertal stage 4 only. Both adjusted and unadjusted lumbar spine BMC increased at pubertal stage 4 ( Fig. 5 and Table 5 ). Unadjusted radius BMC increased between pubertal stages 2-4 ( Fig. 6i and Table 6 ); however, adjusted radius BMC values were similar when successive pubertal stages were compared ( Fig. 6ii and Table 6 ).
Gender differences in muscle-bone unit measurements Tables 2, 3 , 4, 5 and 6 show unadjusted and height and regional fat mass adjusted BMC in females compared to males for the whole body (Table 2) , legs (Table 3) , arms (Table 4) , lumbar spine (Table 5 ) and radius (Table 6 ).
There were significant interactions between gender and pubertal stage on unadjusted arm and lumbar spine BMC (Tables 4 and 5 ) and height-and fat-adjusted whole body, arm and lumbar spine BMC (Tables 2, 4 and 5, respectively). This indicates the effect of puberty on unadjusted and adjusted muscle-bone unit measurements was different for males and females.
As shown in Tables 2 and 3 , females had significantly higher unadjusted whole body and leg BMC, compared to males, at pubertal stage 4. After adjustment for height and regional fat mass, these gender differences occurred for WB BMC at pubertal stages 4 and 5.
Unadjusted arm BMC (Table 4 ) and unadjusted lumbar spine BMC (Table 5) were significantly greater in females at pubertal stages 2-5. After adjusting for height and arm fat mass, females had significantly greater arm and lumbar spine BMC at all pubertal stages, in comparison to males 1000 1200 1400 1600 1800 2000 2200 WB BMC (g) adjusted for WB lean mass ( Tables 4 and 5 ). As shown in Table 6 , unadjusted radius BMC values were similar in males; however, adjusted radius BMC was greater in males at pubertal stage 4.
Discussion
This study describes changes, and gender differences, in the muscle-bone unit of the whole body and at peripheral and central skeletal sites at each stage of pubertal development before and after adjusting for height and regional fat mass. The current study shows that both males and females tend to accumulate relatively greater amounts of BMC in comparison to muscle as puberty proceeds. A genderspecific pattern of development in the muscle bone unit was also shown. These results are in accordance with others who have shown a gender-specific age-related increase in the muscle-bone unit at whole body [8, 12, 16, 17] and proximal radius [10, 18] sites. However, our data showed radius BMC increased in males and in females during puberty, and was greater in males at pubertal stage four, a finding not reported previously. Others have shown little change in the muscle-bone unit at the radius with advancing puberty in males [10, 18] . We cannot explain the gender differences between DXA and pQCT results in the arm and radius, respectively, in that males have more radius BMC after adjusting for height, cross-sectional muscle area and fat mass, compared to females. Given that i) ii) Fig. 3 Leg bone mineral content (BMC) (i) adjusted for leg lean mass and (ii) adjusted for height, leg lean, and fat mass in males and females at each pubertal stage pQCT measures a thin cross-section of bone rather than a projected area (DXA), it is feasible technical differences might explain the altered morphology between groups. Additionally, these different results may be due to the assessment of the muscle-bone unit by pQCT at different sites (mid-shaft (50%) versus proximal (66%) radius), or perhaps population differences between geographical locations [33, 34] . It is also possible that important covariates, such as socioeconomic status or physical activity levels, might explain such gender differences, more than height and fat mass. This interesting and surprising observation requires further study and clarification concerning the sexual dimorphism of bone geometry. In the current study, there was no gender/pubertal stage interaction in unadjusted and adjusted leg BMC. This suggests that at weight-bearing skeletal sites males and females adapt to mechanical challenges in a similar way [35] . However, results from the current study contrast with those obtained by Macdonald et al. [11] , who showed, after an interval of 20 months, the ratio of cortical area to CSMA at the tibia as measured by pQCT, decreased in both females and males. The differences between studies may be due to different measurement techniques (DXA vs. pQCT), sites and outcome measures, classification of puberty, longitudinal versus cross-sectional study design and cohort sizes.
The tempo of growth in height, bone and body composition follows a sequence of events, whereby peak height velocity (representing longitudinal bone growth) occurs first and is followed by peak LM, BMC and fat mass velocities [9, 36] . It is feasible that the gender-specific increases found in the muscle-bone unit in the current study may reflect this sequence of events during growth. It may be hypothesised that at the onset of puberty, there is an increase in bone length and subsequent increase in BMC, with an accompanying increase in muscle length rather than width [37] . The continued growth of bone and muscle throughout puberty presents a continuous challenge to the stability of the growing bone [38, 39] which adapts to these by changing geometry and increasing mineral content to maintain bone strength [13, 15, 38, 40, 41] . This would account for further increases in the muscle-bone unit as puberty proceeds in males and females in our study, as measured by DXA and pQCT. Whilst males have more bone and muscle in comparison to females [37, [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] , our data show females tended to accumulate more BMC in relation to LM and confirms and extends the results of previous studies of the whole body [7, 8, 12, 16, 17] , lumbar spine [12] , and radius [10, 18] . Our data are novel in that they show these gender differences are independent of body size and differential fat mass accumulation in females. 
Differences between successive pubertal stages for each gender and gender differences at each pubertal stage are indicated
Significant difference compared to previous pubertal stage: *p<0.001, **p<0.001, ***p=0.034 a , ****p=0.043 a a Although these differences would not be considered statistically significant if a conventional adjustment for multiple testing was applied Table 3 Leg BMC adjusted for (1) whole body lean mass and (2) height, leg lean and fat mass in males and females at each pubertal stage Leg BMC (g) adjusted for leg lean mass (g) Leg BMC (g) adjusted for height, leg lean and fat masses (g)
Mean difference (SE) 
Significant difference compared to previous pubertal stage: *p=0.035 a , **p=0.007, ****p=0.004, ***p=0.042 a a Although these differences would not be considered statistically significant if a conventional adjustment for multiple testing was applied
Muscle development plateaus at an earlier age in females, and females accrue greater amounts of fat mass in relation to muscle. This would make females appear to accumulate more BMC in relation to LM, in comparison to males [19] . Ferretti et al. [17] showed that after adjusting for whole body fat mass, the ratio of whole body BMC to lean mass was still greater in pubertal females, but of lesser magnitude compared to unadjusted gender differences. This finding is in contrast to results from the current study and may reflect the different approaches used to adjust for fat mass, and that we have additionally adjusted for height.
The hypothesis that oestrogen is responsible for the gender differences in muscle bone unit is supported by results in the current study, as significant increases in adjusted BMC in females typically occurred at pubertal stage 4. This is the time when oestrogen levels peak and menarche occurs in females [52, 53] . The mechanism is thought to be through oestrogen lowering the mechanostat remodelling threshold at the endosteal surface of long bones, causing the endosteal surface to become more sensitive to strains induced by mechanical loading and causing an increase in bone deposition at the endosteal Table 5 Lumbar spine BMC adjusted for (1) whole body lean mass and (2) height, whole body lean and fat mass in males and females at each pubertal stage Lumbar spine BMC (g) adjusted for whole body lean mass (g) Lumbar spine BMC (g) adjusted for height, whole body lean and fat masses (g) 
Significant difference compared to previous pubertal stage: *p=0.011 a , **p=0.002, ***p<0.001, ****p<0.001, *****p=0.024 a , ******p=0.014 a a Although these differences would not be considered statistically significant if a conventional adjustment for multiple testing was applied. 
Significant difference compared to previous pubertal stage: *p=0.015 a ,**p=0.041 a ,***p=0.009, ****p<0.001,*****p=0.019 a a Although these differences would not be considered statistically significant if a conventional adjustment for multiple testing was applied surface [16, 40, 54] . Schoenau et al. [18] showed that whilst there was a similar relationship between bone area and CSMA in males and females, there was a different relationship between medullary area and CSMA. These data suggest that gender differences in the ratio of BMC: CSMA occur via the relatively greater accumulation of bone on the endosteal surface in females, compared to males [18] . In support of this view, some [3, 55, 56] but not all [57] studies have reported significant decreases in medullary area of the metacarpal, tibia and mid-shaft femur in females at this time. Also, females with Turner's syndrome, who are typically oestrogen-deficient, had less BMC:CSMA due to increased medullary area at the proximal radius, in comparison to oestrogen replete controls [58] . As healthy females appear to accrue additional bone at the time when they potentially have the capacity to reproduce it is possible this extra bone may act as a reservoir for the potential mineral demands of pregnancy and lactation [16, 18] . There are some limitations to the current study. Whilst the data lend support to the theory that there is a relationship between muscle and bone based upon the mechanostat theory, the results may also be due to a commonality of growth between bone and muscle [59] . Moreover, this relationship may be regulated by genetic factors [60] , in addition to local and systemic factors such as exercise and diet, which were not assessed in this study [5, 6] . DXA also makes certain assumptions, and this may vary between DXA manufacturers when calculating bone mineral and body composition from X-ray beams of only two (rather than three) energies, so there may be some colinearity of data using DXA from the same manufacturer but this will apply to all such similar research studies. Indices used to investigate the muscle-bone unit, as derived from bone densitometry, are simply non-invasive surrogates of bone and muscle strength [61] . The current study may lack sufficient statistical power to detect differences between, and within, genders due to the small number of subject numbers at some pubertal stages. However, if pubertal stage groups had been combined into pre-, periand post-pubertal groups, this would have resulted in a loss of information regarding changes in muscle-bone unit indices at important developmental stages, such as at the onset of puberty (pubertal stage 2) and at menarche (pubertal stage 4) in females.
The study is of cross-sectional study design, so we are unable to accurately characterise true changes in the muscle-bone unit over time in individual subjects, particularly the velocity and acceleration of these parameters during pubertal development. Whilst longitudinal studies can describe such changes, these require a considerable amount of time, dedication from participants and are more costly to undertake, in comparison to cross-sectional studies. Additionally, the study population for these analyses did not extend beyond 18 years of age. Whilst we have probably captured the end of the growth period in females, growth in males can continue beyond this age range [42, 47, 51] , so there may be further increases in BMC and LM in males not captured in the current study [16, 17] .
In conclusion, this study confirms that there are increases in surrogates of bone and muscle strength in both Differences between successive pubertal stages for each gender and gender differences at each pubertal stage are indicated
Significant difference compared to previous pubertal stage: *p<0.001, **p=0.024 a , ***p=0.030 a , ****p=0.002, *****p=0.041 a , ******p=0.043 a , *******p=0.014 a , ********p=0.032 a a Although these differences would not be considered statistically significant if a conventional adjustment for multiple testing was applied genders during puberty, supporting the mechanostat hypothesis. There is also a gender-specific pattern of development in the muscle-bone unit, which results in females accruing relatively greater amounts of BMC per unit of lean mass, in comparison to males, at most skeletal sites. These gender differences appear to be independent of skeletal location, body size or differential fat mass accumulation.
